ABSTRACT DNA damage-induced S phase (S) checkpoint includes inhibition of both replicon initiation and chain elongation. The precise mechanism for controlling the two processes remains unclear. In this study, we showed that Hus1-de®cient mouse cells had an impaired S checkpoint after exposure to DNA strand break-inducing agents such as camptothecin (CPT) (b b1.0 mM), or ionizing radiation (IR) (b b15 Gy). The Hus1-dependent S checkpoint contributes to cell resistance to CPT. This impaired S checkpoint induced by CPT or IR in Hus1-de®cient cells re¯ected mainly the chain elongation step of DNA replication and was correlated with the reduction of dissociation of PCNA from DNA replication foci. Although Hus1 is required for Rad9 phosphorylation following exposure of cells to CPT or IR, Hus1-de®cient cells showed normal activation of ATR/CHK1 and ATM kinases at doses where the checkpoint defects were manifested, suggesting that Hus1 is not a component of the sensor system for activating these pathways in S checkpoint induced by CPT or IR.
INTRODUCTION
In response to DNA damage, proliferating cells slow their progress through the S phase (a transient inhibition of DNA replication) via activation of the S phase (S) checkpoint (1±4), which is measured as a decrease in [ 3 H]thymidine incorporation into total DNA (5, 6) . The DNA damage-induced inhibition of DNA replication includes both replicon initiation and chain elongation, which is measured as a decrease in [ 3 H]thymidine incorporation into the different sizes of newly synthesized DNA (7±12). Replicon initiation is much more sensitive than chain elongation to DNA damage inducers. For example, the dose±response curves for ionizing radiation (IR)-induced inhibition of DNA replication are biphasic with a steep component (D 0~1 0 Gy) that derives from the inhibition of replicon initiation and a shallow component (D 0~1 00 Gy) that derives from the inhibition of chain elongation (7±9). It is generally believed that the inhibition of replicon initiation is controlled by the S checkpoint and the inhibition of chain elongation re¯ects only a passive cellular response. The precise mechanism of controlling the inhibition of the two processes, replicon initiation and chain elongation, however, remains unclear.
Hus1 is an important and conserved checkpoint protein. Hus1 forms a trimer complex with Rad1 and Rad9 (the 9±1±1 complex) to encircle DNA following DNA damage, which is structurally similar to the DNA sliding clamp protein PCNA, which recruits polymerase d and serves as a processing factor during DNA synthesis (13±18). However, different from ®ssion yeast, which lacks hus1 and appears normal under standard growth conditions (19) , mammalian without Hus1 is lethal (20) , suggesting that mammalian Hus1 mediates additional and essential functions not performed by ®ssion yeast hus1. Mammalian Hus1 could interact directly with PCNA in response to DNA damage (21) , but the function of this interaction between these two proteins remains unclear.
Hus1 is involved in UV-induced S checkpoint via affecting activation of the ATR/CHK1 pathway (22, 23) . Camptothecin (CPT) as a DNA strand break inducer could induce the strong S checkpoint response in mammalian cells and this S checkpoint is regulated mainly by the ATR/CHK1 pathway (24±28). It is not known, however, whether Hus1 plays any role in CPT-induced S checkpoint. There is no apparent difference in the inhibition of DNA replication between Hus1 wild type and Hus1-de®cient mammalian cells following exposure to IR`10 Gy (23) , suggesting that Hus1 is not involved in IR-induced inhibition of replicon initiation. It is not known, however, whether Hus1 plays any role in IRinduced inhibition of chain elongation.
We show in this study that Hus1-de®cient mouse ®broblasts have an impaired S checkpoint response after exposure to CPT (b1.0 mM) or IR (b15 Gy). The Hus1-involved S checkpoint contributes to CPT-sensitivity. An impaired S checkpoint in CPT-treated or irradiated Hus1-de®cient cells is caused by a defect in the regulation of chain elongation and is associated with a defect in dissociation of PCNA from DNA replication foci. Although Hus1 is required for Rad9 phosphorylation following CPT treatment or IR, Hus1-de®cient cells show normal activation of ATR/CHK1 or ATM kinase when an impaired S checkpoint occurs. These results indicate that similar to the inhibition of replicon initiation, DNA damageinduced inhibition of chain elongation of DNA replication is also a cellular active response. The role of Hus1 in the chain elongation process of S checkpoint induced by CPT or IR might relate to PCNA replication function. Taken together, our results suggest that Hus1 acts like a downstream effector but not like a sensor to activate the ATR/CHK1 or ATM pathway after exposure of cells to DNA strand break-inducers such as CPT or IR.
MATERIALS AND METHODS

Cell lines, chemical treatment and irradiation
Hus1 +/+ p21 ±/± and Hus1 ±/± p21 ±/± mouse embryonic ®broblasts (MEFs) (20) , as well as the corresponding complemented cell pools (22) , were cultured in Dulbecco's modi®ed Eagle's medium (Dulbecco's MEM) supplemented with 10% fetal bovine serum, streptomycin sulfate (100 mg/ml) and penicillin (100 U/ml). The incubations were at 37°C in an atmosphere of 5% CO 2 and 95% air. Cells were either treated with CPT (NCS 100880, obtained from the National Cancer Institute) or exposed to X-rays (310 kV, 10 mA, 2 mm Al ®lter).
DNA replication assay
Cells were plated at a density of 1 Q 10 5 per dish (60 mm) and labeled for 48 h in medium containing [ 14 C]thymidine at 10 nCi/ml (Perkin Elmer Life Science Products, Inc.), to provide an internal control for total DNA content. The cells were washed once with pre-warmed PBS and then were supplemented with pre-warmed non-radioactive medium. After cells were either treated with CPT for 3 h or at 3 h following IR, [ 3 H]thymidine at 1 mCi/ml (Perkin Elmer Life Science Products, Inc.) was added to the cell cultures for 30 min, and then the cells were collected. The following procedures were the same as described (29) . The rate of DNA synthesis for each sample was calculated as 3 
Flow cytometry measurement
Cells were treated with 2 mM CPT for 3 h and then were collected and ®xed in 70% ethanol. Cells were stained with the solution (62 mg/ml RNase A, 40 mg/ml propidium iodide and 0.1% Triton X-100 in phosphate-buffered saline buffer) at room temperature for 1 h as described (27) . The distribution of cells in the cell cycle was measured in a¯ow cytometer (Coulter Epics Elite).
Clonogenic survival assay
Cellular sensitivity to CPT treatment was determined by the loss of colony-forming ability. In brief, 1 Q 10 5 cells were plated per 60 mm dish with 3 ml of medium. Two days later, cultures were supplemented with 2 mM CPT for 8 h. Cells were collected and plated, aiming at 20±200 colonies/100 mm dish. Two replicates were prepared for each datum point and incubated for 1 week in the absence of drugs to allow colonies to develop. Colonies were stained with crystal violet (100% methanol solution) before counting.
Alkaline sucrose gradient sedimentation
This method was used to determine the molecular weight distribution of newly synthesized DNA in either CPT-treated or irradiated cells. Linear sucrose gradients (5±20%) were prepared in a buffer containing 0.1 M NaOH, 0.9 M NaCl and 10 mM EDTA (pH 12.5) in polyallomer tubes. After Hus1 cells were either treated with 2 mM CPT for 3 h or at 3 h following 30 Gy exposure, [ 3 H]thymidine at 5 mCi/ml was added to the culture and kept for 15 min. The following procedures are the same as described (30) .
Kinase activity assay
After the cells were either treated with 2 mM CPT for 3 h or at 3 h following 30 Gy exposure, they were collected for preparing extracts. (i) ATR: ATR activity was examined with a chromatin-bound extract prepared as described previously (24) . ATR antibody (sc-1887) was purchased from Santa Cruz Biotechnology, Inc. (ii) CHK1: the cells were collected for preparing nuclear extracts by using NE-PERÔ kit (PIERCE) according to the manufacturer's instructions. The nuclear extracts (250 mg) were then mixed with 1 mg of CHK1 antibody (sc-163, Santa Cruz Biotechnology, Inc.) in the presence of 10 ml of a 50% (v/v) protein A±Sepharose slurry (RepliGen). The following procedures are similar to those described previously (24) , except that kinase buffer without NaCl was used. (iii) CDK2: the nuclear extracts (250 mg) were mixed with 1 mg of CDK2 antibody (sc-7898, Santa Cruz Biotechnology, Inc.) in the presence of 10 ml of a 50% (v/v) protein A±Sepharose slurry (RepliGen). The following procedures are the same as described in the previous report (27) .
Antibodies and immunoblotting
The antibodies against CDC25A (sc-7389), Rad17 (sc-5613) and Rad9 (sc-8324) were purchased from Santa Cruz Biotechnology, Inc. The antibodies against phosphoserine 345 of CHK1 and phosphotyrosine 15 of CDK2 were purchased from Cell Signaling Technology. The antibody against phosphoserine 635 of Rad17 was a gift from Dr Elledge's laboratory (31) . The antibodies against regular SMC1 and phosphoserine 966 of SMC1 were a gift from Dr Qin's laboratory (32) . The antibodies against regular H2AX and phosphorylated H2AX (gH2AX) were purchased from Upstate Company. Whole cell lysates were prepared by directly lysing the same number of cells with RIPA lysis buffer (50 mM Tris±HCl, pH 7.4; 1% NP-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EGTA; 1 mM PMSF; 1 mg/ml each of aprotinin, leupeptin, pepstatin; 1 mM Na 3 VO 4 ; 1 mM NaF). Immunoblotting was performed by standard methods and signal detection was by ECL-plus (Amersham Pharmacia Biotech).
Immuno¯uorescence staining
Cells were grown on glass coverslips in 35-mm dishes for 24 h. After the cells were treated with CPT for 3 h or at 3 h following IR, the cells were prepared for immuno¯uorescence staining. Fixation and permeabilization were performed with 3.7% paraformaldehyde for 10 min followed by 0.3% Triton for 10 min. Samples were blocked in 4% donkey serum in PBS at room temperature for 10 min and then were incubated with anti-PCNA (1 mg/ml) antibody (sc-56, Santa Cruz Biotechnology, Inc.) at 37°C for 1 h. After extensive washing, samples were incubated in FITC-conjugated secondary antibodies (Jackson Immunoresearch Laboratories) at 37°C for 45 min. Images were obtained on a Zeiss LSM510 confocal microscope.
RESULTS
An impaired S checkpoint in Hus1-de®cient cells exposed to CPT (b1.0 mM) or IR (b15 Gy)
The ATR/CHK1 pathway plays a major role in CPT-induced S checkpoint (24, 26, 28) and plays an important role in IR-induced S checkpoint (29, 33) . Mammalian Hus1 stimulates activation of the ATR/CHK1 pathway after DNA damage (22, 31) . Therefore, we were interested in learning if Hus1 participates in either CPT-or IR-induced S checkpoint. For this purpose, we examined the effect of Hus1 on CPT-or IR-induced S checkpoint by measuring DNA replication in CPT-treated or irradiated Hus1 cells. Mammalian cells de®cient in Hus1 alone are lethal and cells de®cient in both Hus1 and p21 are viable (20) . Therefore, we used Hus1 and p21 double knock out cells in our experiments. The results showed that when compared with Hus1 wild type cells, Hus1-de®cient cells had less inhibition of DNA replication after either CPT treatment (Fig. 1A) or IR (Fig. 1B) . The difference in the inhibition of DNA replication between Hus1 wild type and Hus1-de®cient cells was dose dependent. With lower dose (<0.5 mM CPT or <10 Gy) treatment, there was no statistical difference in the inhibition of DNA replication between the two cell lines. The data obtained from irradiated Hus1 (`10 Gy) cells are consistent with previous ®ndings (23) , and indicate that Hus1-de®cient cells had a normal S checkpoint response following such a dose of IR exposure. When the dose was increased, however, the difference became larger. With 2 mM CPT treatment or 40 Gy exposure, the difference reached its maximum ( Fig. 1A and B) and a dose higher than those did not increase the difference further (data not shown). The¯ow cytometry data showed that after 2 mM CPT treatment, the S phase ratio was much higher in Hus1 wild type cells than in Hus1-de®cient cells (Fig. 1C) , con®rming that the DNA replication is more strongly inhibited in Hus1 wild type cells than in Hus1-de®cient cells following CPT treatment. When Hus1 was reintroduced into Hus1-de®cient cells, more inhibition of DNA replication following CPT treatment or IR was observed (Fig. 1A and B) , indicating that the S checkpoint defect in Hus1-de®cient cells is because of the absence of Hus1.
The Hus1-dependent S checkpoint contributes to CPT resistance
We reported previously that the S checkpoint regulated by the ATR/CHK1 pathway contributes to CPT resistance (27) . Hus1 (C) Cell cycle distribution in CPT-treated Hus1 cells. As described in Materials and Methods, the Hus1 cells were treated with CPT (2 mM) for 3 h and then were collected and prepared for¯ow cytometry measurement. (D) Cells were treated with 2 mM CPT for 8 h, then were collected and plated, aiming at 20±200 colonies/100 mm dish. Two replicates were prepared for each datum point and incubated for 1 week in the absence of drugs to allow colonies to develop. Colonies were stained with crystal violet (100% methanol solution) before counting. Data shown are the average from three independent experiments. involves the regulation of CPT-induced S checkpoint, suggesting that Hus1 also contributes to CPT resistance. To test this hypothesis, we examined CPT sensitivity in these Hus1 cells. The results showed that the Hus1-de®cient cells were more sensitive to CPT-induced killing than were the Hus1 wild type cells (Fig. 1D) . When Hus1 was reintroduced into Hus1-de®cient cells, the cells became resistant to CPT treatment (Fig. 1D) , indicating that the sensitivity to CPT-induced killing shown in Hus1-de®cient cells is because of the absence of Hus1. These results suggest that the Hus1-dependent S checkpoint protects cells from CPTinduced killing, further con®rming the importance of CPTinduced S checkpoint for cellular resistance to CPT cytotoxicity (27) . We then studied how Hus1 affected the S checkpoint.
The defective S checkpoint induced by CPT or IR in Hus1-de®cient cells re¯ects a failure to inhibit the elongation step of DNA replication Velocity sedimentation analysis of pulse-labeled DNA reveals the steady-state distribution of nascent DNA intermediates in the S-phase cells, which can be used to estimate the distribution of replicon initiation and chain elongation (7±12). Therefore, to learn how Hus1 was involved in which process of DNA replication, replicon initiation or chain elongation following exposure of cells to CPT or IR, we used alkaline sucrose density centrifugation to speci®cally evaluate CPT-or IR-induced inhibition of DNA replication in Hus1-de®cient cells. After exposure to CPT (2 mM) or IR (30 Gy), Hus1 wild type cells showed an inhibition of both replicon initiation (manifested by a reduction in the activity in early fractions that represent the top of the gradient with low molecular weight material) and chain elongation (manifested by a reduction in the activity in late fractions that represent the bottom of the gradient with high molecular weight material) of DNA replication (Fig. 2) . Hus1-de®cient cells only showed an inhibition of replicon initiation and did not show any inhibition of chain elongation (Fig. 2) . When Hus1 was reintroduced into Hus1-de®cient cells, more inhibition of chain elongation following exposure of cells to CPT (2 mM) or IR (30 Gy) was observed (Fig. 2) , indicating that the de®cient inhibition of chain elongation in Hus1-de®cient cells is because of the absence of Hus1. These results indicate that, similar to DNA damage-induced inhibition of replicon initiation of DNA replication, the inhibition of chain elongation also is a cellular active response.
Hus1 affects the replication foci of PCNA in CPTtreated or irradiated cells
We next studied how Hus1 affected chain elongation during DNA replication in CPT-treated or irradiated cells. Hus1 interacts directly with PCNA in cells exposed to IR (21). We Figure 2 . Hus1-de®cient cells display impaired inhibition of chain elongation of DNA replication following exposure to CPT or IR. The experimental process of alkaline sucrose gradient centrifugation was as described previously (30) . Alkaline sedimentation pro®les of nascent DNA from Hus1 +/+ p21 ±/± and Hus1 ±/± p21 ±/± cells without treatment (®lled circle) as well as exposure to (open circle) either 2 mM CPT (A) or IR with 30 Gy (B) were analyzed. DNA synthesis is plotted according to the percentage of 3 H incorporation as a function of fraction number after consideration of the effect of CPT or IR on total DNA synthesis. Sedimentation is from left to right. Early fractions contain small nascent DNA produced at very early stages of DNA replication, and their reduction after irradiation re¯ects an inhibition of replicon initiation. Late fractions contain large nascent DNA produced at the later stages of DNA replication, and their reduction after irradiation re¯ects the inhibitions of both replicon initiation and chain elongation. T2 (167 kb) and T7 (37 kb) phage DNA are shown in the ®gure to indicate the sedimentation distances.
were interested in discovering whether this interaction was functionally relevant in the activation of the S-phase checkpoint. For this purpose, we examined PCNA foci in CPTtreated or irradiated Hus1 cells because PCNA foci co-localize with DNA replication foci (34, 35) and because PCNA is not involved in the initiation step in DNA replication as RPA does to interact with the DNA polymerase a±primase complex, but rather functions as a DNA polymerase d accessory factor promoting DNA chain elongation (36) . In low doses of CPTtreated (`0.5 mM) or irradiated (`10 Gy) cells, the number of PCNA foci did not show any apparent change compared with non-treated control cells (data not shown). However, as expected, PCNA foci were clearly reduced in Hus1 wild type cells at 3 h after exposure to higher doses of CPT (2 mM) or IR (30 Gy), and were not reduced in Hus1-de®cient cells at the same time after exposure to such doses of CPT or IR (Fig. 3A  and B) . When Hus1 was reintroduced into Hus1-de®cient cells, a reduction of PCNA foci again was observed after exposure to such doses of CPT or IR (Fig. 3B) . To con®rm the effects of Hus1 on replication foci of PCNA, we examined the levels of PCNA bound to chromatin in CPT-treated or irradiated Hus1 cells because PCNA bound to chromatin in the S phase is resistant to detergent extraction (34, 37) . After exposure of cells to CPT (2 mM) or IR (30 Gy), the level of PCNA bound to chromatin was dramatically reduced in wild type cells but was not affected in Hus1-de®cient cells (Fig. 3C) . When Hus1 was reintroduced into Hus1-de®cient cells, chromatin association of PCNA was reduced again following the same doses of CPT or IR exposure (data not shown), con®rming that Hus1 plays a key role in the release of PCNA from chromatin after DNA damage. These results suggest, consistent with the gradient results (Fig. 2) , that Hus1 is responsible for the replication function of PCNA in mammalian cells after CPT treatment or IR.
Hus1 is required for Rad9 phosphorylation following exposure of cells to CPT or IR
Rad9 is phosphorylated in response to DNA damage, and this phosphorylation is essential for the 9±1±1 complex formation (38, 39) . To test the effect of Hus1 on Rad9 phosphorylation, we examined Rad9 phosphorylation in CPT (2 mM)-treated or irradiated (30 Gy) Hus1 cells. Consistent with previous reports (15,39), Rad9 was detected as a slower migrating band in CPT-treated or irradiated Hus1 wild type cells (Fig. 4A) , suggesting Rad9 phosphorylation after exposure of cells to CPT or IR. However, no slower migrating band of Rad9 was detected in CPT-treated or irradiated Hus1-de®cient cells (Fig. 4A) . When Hus1 was reintroduced into Hus1-de®cient cells, the CPT or IR induced slower migrating band of Rad9 was detected again (Fig. 4A) , indicating that Hus1 was required for Rad9 phosphorylation. Similar results were reported by others in Hus1-de®cient cells following other types of DNA damage induced by UV or hydroxyurea (HU) (31) . The requirement of Hus1 for Rad9 phosphorylation following DNA damage can be explained by two possible mechanisms: either the kinase that is responsible for Rad9 phosphorylation is not activated; or the kinase is activated but the substrate is not recognized by the kinase. To discover which mechanism explains the failure of Rad9 phosphorylation in Hus1-de®cient cells, we tested activities of the kinases that were possible for Rad9 phosphorylation in CPT-treated or ionizing irradiated Hus1 cells.
Both the ATR/CHK1 and the ATM pathways are activated normally in Hus1-de®cient cells following exposure of cells to CPT or IR CPT-induced S checkpoint is regulated mainly by the ATR/ CHK1 pathway (24, 26, 28) . IR-induced S checkpoint is also partially regulated by the ATR/CHK1 pathway (29, 33) . Hus1 affects the ATR/CHK1 pathway-regulated S checkpoint in UV-irradiated cells (22, 23) and, in general, it is believed that Hus1, as a sensor component, activates checkpoint following DNA damage. We therefore tested activation of the ATR/ CHK1 pathway in CPT-treated or irradiated Hus1 cells. Unexpectedly, ATR activity, CHK1 phosphorylation and CHK1 activity remained at the same levels in both Hus1-de®cient and Hus1 wild type cells following exposure to CPT (2 mM) or IR (30 Gy) (Fig. 4B) . The CDC25A/CDK2 pathway is the downstream target of CHK1 for regulating the CPT-or IR-induced S checkpoint response (27, 28, 33) . We measured CDC25A protein levels, phosphorylated CDK2 and CDK2 activity to test whether Hus1 affected these proteins in these CPT-treated or irradiated cells. All changes in the proteins were at similar levels in Hus1-de®cient cells and in Hus1 wild type cells following CPT treatment or IR (Fig. 4B) , con®rming that the CHK1/CDC25A/CDK2 pathway is activated normally in CPT-treated or irradiated Hus1-de®cient cells.
SMC1 is another potential substrate of ATR following DNA damage (32, 40) . We tested the phosphorylated levels of SMC1 in these Hus1 cells following CPT (2 mM) treatment or IR (30 Gy). The results showed that both Hus1-de®cient and Hus1 wild type cells showed similar phosphorylation of SMC1 (Fig. 4B) , indicating that the impaired S checkpoint in Hus1-de®cient cells is not related to SMC1 phosphorylation. Rad17 is phosphorylated by ATR following DNA damage (31) . Rad17, which is a homolog of the RFC subunit, forms a complex with RFC as a clamp loader that promotes binding of the 9±1±1 complex to damaged DNA (41) . We measured the levels of phosphorylated Rad17 in CPT-treated or irradiated Hus1 cells. Hus1 wild type and Hus1-de®cient cells showed the similar levels of phosphorylated Rad17 following exposure to CPT or IR (Fig. 4B) , suggesting that ATR is normally activated in Hus1-de®cient cells. To verify that ATR is normally activated in CPT-treated or irradiated Hus1-de®cient cells, we tested H2AX in these CPT-treated or irradiated Hus1 cells because H2AX is another substrate of ATR and is phosphorylated following DNA damage (42) . The results showed that both Hus1-de®cient and Hus1 wild type cells had phosphorylated H2AX similarly (Fig. 4B) , indicating that ATR is normally activated in CPT-treated or irradiated Hus1-de®cient cells.
Although the CPT-induced S checkpoint is independent of the ATM pathway (24, 26, 28) , Rad9 is phosphorylated by PKCd in an ATM-dependent manner following DNA damage (38, 39) , and the ATM pathway is a main component for regulating the IR-induced S checkpoint (5,32,40,43±45). We therefore measured the activities of ATM/CHK2 kinases. Again, no differences were observed in the activities of ATM and CHK2 after exposure of cells to CPT or IR between Hus1-de®cient and wild type cells (data not shown).
Because ATR or ATM is activated normally in Hus1-de®cient cells following exposure to CPT or IR, the defect in Rad9 phosphorylation can be explained in two possible ways. Either the kinase responsible for Rad9 phosphorylation is not ATR or ATM and cannot be activated in Hus1-de®cient cells, or Rad9 in Hus1-de®cient cells is in a form not amenable to phosphorylation (altered conformation or complex formation). We favor the second explanation because the 9±1±1 complex cannot form without Hus1. However, we remain open to the possibility that PKCd or other kinases are affected directly by the loss of Hus1 after exposure of cells to CPT or IR. 
DISCUSSION
It has been known for almost 30 years that DNA damage inhibits chain elongation of DNA replication (7), but little is known about the mechanisms involved in this aspect of the S checkpoint. Because the inhibition of chain elongation is more resistant than the inhibition of replicon initiation to DNA damage, the inhibition of chain elongation is considered a passive process. The data presented in this study clearly demonstrate that, similar to DNA damage-induced inhibition of replicon initiation, the inhibition of chain elongation is also a cellular active response to DNA damage, which depends on Hus1 and is associated with PCNA function. Besides Hus1 (21) , human Rad9 and Rad17/RFC also interact directly with PCNA (46, 47) . Because Hus1 participates in the 9±1±1 complex (46) , which associates with the Rad17 complex (41) as part of the response to DNA damage, it is possible that interference with PCNA in response to CPT-or IR-induced DNA damage is also involved in Rad1, Rad9 and Rad17. Further experiments are required to test this hypothesis.
Both CPT and IR can induce DNA double strand breaks (DSBs), but there are some different characteristics between CPT-and IR-induced S checkpoints. DNA replication in mammalian cells is much more sensitive to CPT than to IR at similar levels of induction of DNA DSBs. CPT at 2 mMinduced DNA DSB is relative to IR 4 Gy dose (48) . Cells treated with this dose of CPT show the strong inhibition of DNA replication (24, 27) in both replicon initiation and chain elongation (Fig. 2) . Cells irradiated with 4 Gy show little inhibition of DNA replication (49) and no inhibition of chain elongation (our unpublished data). The different sensitivities to the S checkpoint between CPT-treated cells and irradiated cells indicate that CPT-or IR-induced inhibition of DNA replication is not directly caused by induction of DNA DSBs, and other factors such as conformation changes of DNA replication machinery must be involved. Such factors could be affected easily by CPT treatment and would need much higher doses of IR to get a similar effect, which might also explain why CPT-induced S checkpoint is much more important than IR-induced S checkpoint for protecting cells from killing ( Fig. 1D) (27) . These hypotheses need to be tested further.
In addition, regulation of the S checkpoint induced by CPT is different from that induced by IR. CPT-induced S checkpoint regulation is ATM pathway independent but ATR/ CHK1 pathway dependent (24, 26, 28) . IR-induced S checkpoint regulation is dependent on both the ATM and the ATR/ CHK1 pathways (5,29,32,33,40,43±45,50) . The ATMdependent pathway regulates the fast response following IR (29, 51, 52) and the ATR-dependent pathway regulates the slow response following IR (29, 52) . At 3 h after IR the S checkpoint is regulated mainly by the ATR/CHK1 pathway (29) . Although Hus1-de®cient cells show normal activation of ATR/CHK1 following exposure to CPT and IR, the speci®c gene-targeting inhibition of CHK1 can reverse the inhibition of DNA replication in either CPT (2 mM)-treated (24, 27) or irradiated (30 Gy) Hus1 wild type cells (29) , indicating that this Hus1-dependent process is involved in the CHK1 pathway but is not an upstream regulator of this pathway and might be a downstream effector.
The association of the 9±1±1 complex with chromatin is a very early step in the response to DNA damage (53) . Although Rad17 phosphorylation after DNA damage is dependent on ATM and ATR (31, 54) , phosphorylation of Rad17 is not required for 9±1±1 complex loading onto chromatin, and the chromatin associations of Rad17 and ATR are largely independent (31). These results suggest that the association of the 9±1±1 complex or Rad17 with chromatin is independent of ATR and/or ATM. If association of the 9±1±1 complex with chromatin was the signal transducer required to activate the ATR and/or ATM pathway, removal of any component of the complexes would result in a failure to activate these kinases, and in an abrogation of all checkpoint responses associated with this activation. However, we show in this study that Hus1-de®cient cells show a normal inhibition of replicon initiation of DNA replication following exposure to CPT or IR. Similarly, the mutant version of MEC3, the budding yeast homolog of Hus1, shows only partial checkpoint defects (55, 56) . It was reported recently that RPA binding to damaged DNA is an early event required for the activation of the ATR± ATRIP complex to phosphorylate Rad17 (57) . This is also consistent with the hypothesis that the 9±1±1 complex is not a signal transducer required for the activation of the major checkpoint kinases ATR and ATM following DNA DSBinducing agents such as CPT or IR.
The ATR/CHK1 pathway is involved in the regulations of the S checkpoint induced by all types of DNA damageinducers including DSB-inducing agents such as CPT or IR and other types of DNA damage-inducers such as UV or HU. However, CPT-or IR-induced S checkpoint regulation is much different from UV or HU-induced S checkpoint regulation. CPT-or IR-induced CHK1 phosphorylation does not require Hus1 (Fig. 4B ), but UV does (22) . CPT-or IRinduced Rad17 phosphorylation does not require Hus1 (Fig. 4B) , but UV or HU does (31) . These results indicate that the kinase responsible for Rad17 and CHK1 phosphorylation does not require the assistance of Hus1 for its activation following exposure of cells to CPT or IR but does require the assistance of Hus1 for its activation following exposure of cells to UV or HU. Although Hus1 is required for Rad9 phosphorylation following exposure of cells to CPT or IR (Fig. 4A ), it does not seem possible that the failure of Rad9 phosphorylation in Hus1-de®cient cells following exposure to CPT or IR is because of inactivation of the kinase responsible for Rad9 phosphorylation. It might be the reason that failure to form the 9±1±1 complex without Hus1 results in failure to recognize the substrate by its kinase. These results suggest that, different from the role of Hus1 in HU-or UV-induced S checkpoint that serves both as signal transducer as well as effector (58) , the role of Hus1 in CPT-or IR-induced S checkpoint serves only as an effector as shown in this study. However, at present, we cannot completely exclude the possibility that multiple sensors exist to activate S checkpoint in mammalian cells following exposure to CPT or IR, and the role of Hus1 as a sensor could be overlapped by other sensors.
Formation of the 9±1±1 complex is a very fast process but disassembling of the complex is a very slow process (56) . It might be that formation of the 9±1±1 complex needs only changes of DNA conformation, but disassembling of this complex needs more processes including changes of DNA conformation and modi®cation of this complex such as phosphorylation. Modi®cations such as Rad9 phosphorylation might facilitate the complex to replace PCNA in the DNA replication machinery, thus stopping the elongation of DNA replication. Meanwhile, other substrates of ATR or ATM kinase activate their targets acting to stop the initiation steps of DNA replication following exposure of cells to CPT or IR.
